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BOND TESTE OF REINFORCED CONCRETE BEAMS
I. PURPOSE OF TESTS AND BRIEF OUTLINE OF WORK
1• Purpose of Tests. Previous tests made upon a few reinforced 
concrete beams in the Laboratory o p Applied Mechanics of the Univer­
sity of Illinois indicated that the distribution of bond stress upon 
tne reinforcing rods of a reinforced concrete beam differs from the 
value given by theoretical considerations and that the distribution 
of bond stress over the length of the reinforcing bars varies widely 
at different stages of loading. It was with a view to securing fur­
ther information as to the distribution of bond resistance in simple 
reinforced concrete beams that these tests were undertaken.
P• Brief Outline of Work. The test specimens consisted of 18 re­
inforced concrete beams, all having the same dimensions. The mater­
ials, conditions of making, storing, age at test, and method of 
leading were uniform. The reinforcement consisted of longitudinal 
bars extending thruout the length of the beam. The number of bars 
in a oearn varied from one to four. Both pls,in round and corrugated 
round bars were used.
In all the beam tests the stress developed in the longi­
tudinal reinforcing bars was measured so that the variation in the 
stress thruout the span was accurately deter ined for each increment 
of load. Tne variation in the steel stress gives a direct measure 
of the bond stress being developed.
II. THEORY OF BOND STRESS
3* XfosPTX.- Before going further in the discussion of the tests it 
v-ill oe well, perhaps, to define just what is meant by bond stress 
and to give some explanation of the means by which its value was
f p ^ w )
determined. Quoting from pages 18 and 19 of Bulletin'No.. 4 of the 
University of Illinois Engineering Experiment Station, by Professor 
A. N. Talbot, the definition of bond is as follows: "In order to 
have beam action there must be a proper connection between the ten­
sion and compression portions of the beam. When there is no metal­
lic web reinforcement the concrete of the beam acts as this web.
Of course the amount of stress in the reinforcing bars and also in 
the compression area of the concrete varies at different cross­
sections along the length of the beam. The increment between con­
secutive sections or increase in the tensile stresses of the rein­
forcing bars is transferred to, or connected with, the increments 
of the compressive stresses of the concrete by means of this web.
In transmitting the increment of tension of the reinforcing rods 
to the surrounding concrete, there is developed a tendency of the 
rods to slip in the concrete and the amount of resistance to slip 
thus developed is called bond.B If the value of the tensile stress 
in the steel at any point is given by the formula f = in which
f is the unit tensile stress in the steel, M is the bending moment 
at the section, A is the area of cross section of the steel, and 
d7 is the distance from the center of the reinforcement to the 
centroid of the compressive stresses (which has been found by 
experiment to be very nearly constant for a given beam) then it is 
plain that the intensity of the steel stress varies directly as 
the bending moment in any section and changes only as the moment 
changes. In a simple beam with two equal, concentrated loads 
applied at the one-third points of the span as shown in Fig. 1, 
the moment increases uniformly from the supports to the load points
(3)
and is uniform between load points as shown by the lines a b c d.
Since the intensity of the tensile stress in the rein­
rods
forex v varies directly as the moment, a diagram expressing the unit 
tensile stress in the steel at each point thruout the length of the 
beam will have the same form as the moment diagram and the increment 
or rate of change of the steel stress divided by the area of con­
tact between the steel and concrete per unit of length of bar will 
give the intensity of bond stress for any point. However, since 
the area of contact per unit of length was constant thruout the 
length of the beams, this value need not enter into the consider­
ation of the variation or distribution of the bond stress.
F i a . /.
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If the unit tensile stress in the steel thruout the length of the 
beam is determined and a diagram plotted which shows the'relation 
of steel stress to the distance from the supports, then by observ­
ing how this diagram differs from the shape of the theoretical 
diagram some conclusions as to the distribution of bond stress may 
be drawn.
III. THE MATERIALS, TEST PIECES, APPARATUS, AND METHODS OF TESTING. 
4* The Materials. The materials used in the test pieces were from 
the same lots as were used in other reinforced concrete test spec­
imens made under the direction of the Engineering Experiment Station 
during the season 1913-14. Universal Portland Cement was used. A 
washed pit sand from Attica, Indiana and crushed limestone from 
Kankakee, Illinois constituted the aggregates. Analyses of these 
materials are given in Table 1. The sand all passed a in. screen; 
the crushed limestone varied in size from £ in. to 1 in. The re­
inforcing metal, with the exception of that used in three of the 
beams, was of ordinary open hearth mild steel, having a yield point 
c : xrom 36000 to 40000 lb. per sq. in. In the three of the beams 
’i in* and 1 I/8 in. round corrugated bars of high-carbon steel 
-•j.th a yield point of about 55000 lb. per sq. in. were used.
5* The Test Pieces. The beams were all of the same dimensions - 
8 in. wide, 12 in. deep, (10 in. to center of the steel) 10 ft. 6 
in. long. Phe beams were to be tested on a 10 ft. span and it was 
thought desirable to have no adhesion whatever between the concrete 
and the steel outside of the supports, hence the 3 in. in length 
of the reinforcing bars overhanging the support were wrapped with 
oiled paper before pouring the concrete into the forms. There was
(5)
also a set of auxiliary test pieces, consisting of three S in. 
cubes, one 8 x 16 in. cylinder, and three pull-out specimens with 
an embedment of 8 diameters in an 8 in block of concrete, made from 
each batch of concrete. Only the results of the beam tests are 
included in this thesis. The test pieces were all made by regular 
employees of the Engineering Experiment Station.
In order to reduce the accidental errors to a minimum, 
the beams were made in pairs. Two beams and the corresponding 
auxiliary specimens were made from each batch of concrete. One 
beam from each set was made before making the corresponding beam of 
any set.
The beams were made directly upon the floor of the lab­
oratory, A sheet of building paper was placed under the forms to 
prevent the adhering of the concrete of the beam to the floor, '^he 
forms consisted of a bottomless box 8 in. wide, IS in. deep, and 
10 ft. 6 in. long inside. The steel was placed in the bottom of the 
forms before pouring the concrete and was supported at the proper 
height by large corks placed 6 in. apart thruout the length of the 
rod. These corks were left in the beam when cast and formed the 
openings thru which the strain gage made contact with the rein­
forcing bar as described below.
The concrete was of cement, sand and broken stone mixed 
in the proportions 1:2:4 respectively. The proportioning was by 
loose volumes and was checked by weighing the materials before 
mixing. The mixing was done by the batch mixer which is used for 
the ordinary specimens for the Engineering Experiment Station and 
a moderately wet concrete was used. After mixing, the concrete 
was handled in buckets and placed in the forms. Especial care was
(6)
taken to see that the steel was well embedded and the concrete was 
spaded away from the forms in order to get a smooth finish on the 
outer surfaces of the beams.
The forms "were not removed until after the concrete had 
set for seven days. After about thirty days the beams were lifted 
from the floor and stacked up in the mixing laboratory in which 
place they remained until the time of testing.
6. Apparatus. The beams were tested on the 200000 lb. Olsen test­
ing machine. Extensometer readings on the steel were taken for 
each load increment with the strain gage of the form shown in the 
photograph accompanying this report. This strain gage measured 
the amount of deformation of the steel in a length of S in. due to 
stress caused by the load. The instrument had a multiplication 
ratio of 5 and read to 1/1000 of an inch.
If f represents the unit stress in the steel 
dl " ■ " deformation " " "
1 " " gage length used (six inches)
and * " " multiplication ratio of instrument
Then f * 1 x r x dl - 6 x 5 x 1000 - _1._
E 30000000 1000
That is, the instrument measured directly the value of the stress 
in the steel in thousands of pounds per square inch. With favor­
able conditions for testing the readings could be depended upon to 
be accurate 'within one division which corresponded to a stress in 
the steel of 1000 lb. per square inch.
For a full discussion of the construction and use of this 
type of strain gage, see "Tests of Reinforced Concrete Buildings 
Under Load," by Arthur N. Talbot and Willis A. Slater, University
(?)
cf Illinois Engineering Experiment Station Bulletin No. 64, 1913.
Also 'Use of the Strain Gage in Testing Materials," by Willis A. 
Slater and Herbert F. Moore, Proceedings American Society for Testing 
Materials, 1913.
7' Methods 9l Testing. In preparing the beams for testing^the corks, 
which were cast in the beam,were removed and the steel exposed for 
a .oout an inch at intervals of 6 in. thruout the length of the rein­
forcing rod. A gage length of 6 in. was very carefully marked off 
between each two holes and a small hole (No. 54 drill) was drilled 
about 1/16 in. deep into the reinforcing metal at each place to admit 
ohe points of the strain gage. The gage lengths were then numbered 
consecutively, beginning with 1 at the north end of the beam as it 
rested in the machine and numbering up to 19, which was at the oppo­
site end of the beam, Where there was more than one rod in a beam, 
readings were taken on the two outside rods only and the rods were 
designated as east and west according to the side of the beam on 
which they were.
ihe side of the beam which was to be toward the west (from 
wnich direction the light came; was whitewashed in order to facilitate 
detecting the fine hairlike cracks as they appeared during the test, 
these cracks were of material assistance in determining the type of 
failure which occurred in each beam.
The specimen to be tested was set up in the machine and 
the span length of 10 feet and the middle and the one-third points 
of the beam were carefully measured off and marked. In order to make 
it easier to take the extensometer readings the beam was loaded in an 
inverted position. The supports were placed at the one-third points
(8 )
and the load applied at the ends of the "beam. This arrangement 
placed the reinforcing rods on top of the beam where they were easy 
of access and more accurate readings assured without in any way 
a L feeting the conditions of loading. The supports consisted of two 
Cj turned rollers 10 in. long, which rested directly on the bed 
oa. the machine at a distance of 20 in. each side of the center of 
the machine. See Fig. 2. Upon each roller was placed a steel 
bearing block 4 in. wide, 1 in. thick and 8-g in. long. To avoid 
the uneven bearing caused by the rough concrete and to more uni­
formly distrioute the load a cushion, which consisted of a short 
length of rubber lined fire hose, was placed between each bearing 
block and the concrete. At the ends of the beam, where the load 
was applied, large wooded blocks 4 in. by 8 in. by 9 in. in size 
were placed. Roller bearings and bearing blocks were used at the 
ends of the beams as described above. The method of applying the 
load is shown in Fig. 2. Ames dials were rigidly clamped tc the 
concrete at each end of the beams so that they rested against the 
exposed end of the reinforcing rods and measured any slip which 
occurred between the steel and concrete at these points.
Y.hen the apparatus was all arranged, two sets of zero 
readings were taken on each gage length thruout the entire length 
of the beam and these were required to agree within 1.5 divisions 
(corresponding to a steel stress of 1500 lb. per sq. in.) before any 
j-caa was applied to the beam. The weight of the loading apparatus 
was 600 lb. so that when the first load of, say, 2000 lb. was ap­
plied tne actual total load was 2600 lb. The zero readings were 
taken with the weight of the loading apparatus on the beam so that 
the steel stresses found -epresent only the increase in stress due
(9)
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to the load applied by the machine, ^he increment of load was, in 
nearly every case, 2000 lb. In some of the weakest beams the in­
crement was 1000 lb. and in one of the strongest beams the increment' 
was 2500 lb. In order that errors due to temperature changes in the 
instrument might be avoided careful readings were made upon a 
Standard Ear of Invar Steel just before and just after each set of 
readings was taken.
IV. EXPERIMENTAL DATA AND DISCUSSION
8. Reducing the Strain Gage Readings. If it was found, as was 
nearly always the case, that there had been a change in the instru­
ment while a set of readings was being taken, this change was 
assumed to have been uniform over the entire period and corrections 
were accordingly made in the readings. After the temperature cor­
rections were made the two sets of readings for zero load were av­
eraged and the mean taken as the corrected zero average. The ma­
chine was then carefully balanced to read zero load and an incre­
ment of load was applied at the slowest speed of the machine. The 
machine was stopped and kept balanced while a set of readings was 
taken. Another increment of load was then applied and this process 
repeated until the failure of the beam occurred. Temperature cor­
rections were made for all readings and the readings were reduced 
to terms of the initial standard bar reading so that at any time 
the difference between the corrected reading at any point and the 
corresponding corrected zero average would give the value of the 
steel stress in thousands of pounds per square inch. When all the 
data had been reduced and the steel stress found, the values of the 
steel stress on opposite ends of the rods and equidistant from the
I
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center were averaged and a set of curves was plotted for each beam 
to show the steel stress at these points due to each load. For 
beams containing only one reinforcing rod the stresses at corre­
sponding points at the opposite ends were averaged and the mean val­
ue used in plotting the diagrams. For beams containing more than 
one reinforcing rod all steel stresses at each given distance from 
the center of the beam were averaged and the mean plotted as for one 
rod, from the support to the center of the beam.
S. Discussion of the Tests. Altho precautions were taken to avoid 
errors a number crept into the results. One of the chief sources 
of error was poorly drilled holes at the gage points. Holes that 
were ragged, not deep enough, not drilled on the highest point of 
the reinforcing bar, or not drilled radially to the bar were very 
serious sources of error. It was very hard to get consistent read­
ings where there was a bad hole at either end of a gage space, and 
in taking the mean of the steel stresses in order to find values to 
be plotted, readings that were not consistent were not given great 
weight in any case and in most cases were entirely disregarded. In 
the first two beams tested, numbers 1071.1 and 1072.1, one of the 
cider forms of strain gage was used. In the use of this strain gage 
it was difficult to get readings which agreed within the limits set 
and considerable time was spent in taking readings over in order to 
get values that were sufficiently consistent to admit of their use. 
On all the succeeding beams tested a new type of strain gage was 
used. The use of the new strain gage greatly facilitated the work.
It was found that a set of readings could easily be taken in from 
one-third to one-half of the time required with the older form of
_______ ____________________________________________________________ ____________________________
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strain gage and, in addition, the readings agreed much more closely. 
This obviated the necessity of taking repeated readings and still 
further reduced the time and labor required to make the tests. The 
errors arising from any other sources are negligible in their ef­
fect upon the information sought in these tests.
The uniform character of the results is shown by the close 
agreement of the maximum, or failing,, loads of the duplicate beams. 
In all but two pairs the maximum loads agree quite closely. In the 
case of beams 1071.1 and 1071.3 there is a marked discrepancy. It 
is quite probable that the machine was not properly balanced at the 
beginning of the test of beam number 1071.1 and that this lead to 
the marked discrepancy between the maximum loads of that beam and 
its mate, number 1071.3. The value found for beam 1071.2 is to 
be taken as correct rather than that found for beam 1071.1. In the 
case of beams number 1076.6 and 1076.7 the discrepancy is due to the 
difference between the yield points of the steel in the reinforce­
ment. Beam 1076.6 contained high carbon steel, the yield point of 
which was about 55000 lb. per sq. in. and beam 1076.7 contained 
mild steel, the yield point of which was about 36000 to 40000 lb. 
per sq. in.
In the curves of the remaining beams it is noticeable 
that they all have the same general shape and show the same peculi­
arities. The curves for beams 1074.1 and 1074.3 are particularly 
smooth and quite representative and show quite clearly the peculiar­
ities found in all cases. Particular reference is made to these 
curves in the remainder of this discussion. A study of these curves 
at once reveals that they differ materially from the form indicated 
by theoretical considerations. They do not have a uniform slope
(13)
between the support and the lead point but are steeper at some points 
than at others. The steepest points on the curves indicate the 
points of highest bond stress. It will be seen that the points of 
highest bond stresses are not found at the same distance from the 
center of the beam for all loads. They seem to vary with the de­
gree of loading and are found just outside the load-point for the 
lower loads,(up to a steel stress of about 22000 lb. per sq. in.)and 
are found still farther out toward the support for the higher loads. 
It is also noticeable that the curves more nearly approach the 
theoretical form under the higher loads, except for the beams con­
taining deformed bars. In the beams containing deformed bars the 
conditions as found for the lower loads for beams containing the 
plain bars seem to prevail thruout the tests.
V. CONCLUSIONS
10. In conclusion it may be said that this series of tests indi­
cates that the distribution of bond stress on the reinforcing rods 
of a simple reinforced concrete beam,is not uniform thruout the por­
tion of the beam between the load points and the supports, but 
varies considerably. At the lower loads - up to a steel stress of 
20000 to 25000 lb. per sq. in.- it is found that the bond stress is 
greatest at a point about midway between the load point and the sup­
port and that at this point it is considerably above the value given 
by assuming a uniform distribution of bond stress ever the region 
where beam bond stresses are present. For the lower loads the bond 
stress is found to be much less than the theoretical value at points 
close to the supports and close to the load points. At the higher 
working loads-for a steel stress more than 25000 lb. per sq. i n . r
.
(14)
the bond stress is found to be more nearly uniform thruout the in­
terval between the support and load-point, but still shows a ten­
dency to be somewhat greater than the theoretical value near the 
support and somewhat less near the load-point. The variations in 
the form of the bars did not seem to have any marked effect. The 
beams containing the deformed bars showed more variation in the 
bond stress than those with plain round.
(15)
TABLE I
SIEVE ANALYSES OF CONCRETE AGGREGATES 
Each Value is the Average of Three Samples.
Sieve No. Per cent Passing :
Sand Stone :
1" 98.2 :
3/4" 98.2 :
1/2" 88.2 :
3/8" 59.7 :
3 99.9 38.3 :
5 99.9 26.8 :
10 86.6 18.2 :
12 63.3 14.5 :
16 58.0 13.0 :
18 52.0 11.5 :
30 43. 3 10.0 :
40 24.0 8.5 :
50 14.7 7.0 :
74 5.4 5.0 :
150 2.7 3.5 :
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